Magneto-optic ͑MO͒ experimental and computational studies are reported on arrays of epitaxial Fe͑001͒ microsquares. Measuring the transverse Kerr signal, in both reflected and diffracted spots, when the array is exposed to a rotating magnetic field allows the quantification of the magnetization inhomogeneties within the microsquares. The MO signal at diffracted spots is extremely sensitive to magnetization inhomogeneities, while working at a large constant field amplitude eliminates uncertainties due to domain-wall movements. The presence of anomalous peaks at the diffracted MO response is unambiguously assigned to the matching of inhomogeneities of the magnetization distribution to the corresponding pattern periodicity. Interaction between microsquares appears as a second-order effect. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1514388͔
The improvement in methods for epitaxial growth and lithographic techniques allows the control of the shape and size of magnetic elements in the nanometer range and offers the possibility to place them in regular arrays. 1 These arrays of magnetic micro/nano-objects permit the study of technologically relevant properties such as the magnetic interaction between them or ''domino'' magnetization switching of the array elements. Magneto-optical ͑MO͒ techniques are very suitable to study such elements due to their sensitivity and to the possibility of using light reflected and diffracted by the periodic array to analyze the magnetic behavior of the system. [2] [3] [4] [5] [6] [7] [8] [9] As opposed to reflected light, a system modeling is required to fully understand the information carried by diffracted beams. In this letter, we present a MO study of single-crystalline Fe ͑001͒ arrays of square microelements or microtiles. A transverse Kerr configuration is used and a rotating magnetic field H is applied in the plane of the sample, MO torque ͑MOT͒ setup. 9 Comparing experiments with simulations has allowed the identification of specific features on diffracted beams that are due to magnetization inhomogeneities within the microtiles.
The samples used in the presented study are 30 nm thick single-crystal Fe͑001͒ film grown on a 100 nm MgO buffer layer on GaAs͑001͒ substrates. The samples are patterned into arrays of microtiles with different periods T ͑ϭ2.5, 5, 10 m͒ and separations w ͑ϭ0.2, 0.6 m͒ by a combined use of electron-beam lithography and ion-beam etching. 1, 9 In this study, epitaxial Fe hard axes ͓110͔ are parallel to the square edge. The whole field patterned is a 250ϫ250 m 2 square and is illuminated with a laser spot of about 140 m diameter. Depending on the pattern element sizes, from hundreds to thousands of individual microtiles are illuminated, obtaining a diffraction pattern. The laser was p polarized and the incidence plane is parallel to one of the square edges ͑x axis͒.
In Fig. 1 , the MOT signal ͑i.e., the variation of the p-polarized reflected light intensity as a function of the angle between H and the y axis͒ for two typical samples ͓T ϭ5 m and wϭ0.2 and 0.6 m for Figs. 1͑a͒ and 1͑b͒, respectively͔ taken at different diffraction orders is presented. The intensity of the rotating magnetic field can be continuously adjusted in the 0-0.3 T range. The zero-order signals are very similar in both samples, but the diffraction signals are very different. In particular, the first-and secondorder diffraction signals show secondary peaks when H is parallel to the x axis, but they decrease as the separation between tiles increases. This could be attributed to a signature of magnetic interaction between neighboring tiles. In addition, the relative peak height decreases as the field magnitude ͑and, consequently, the magnetic homogeneity of the sample͒ increases. They also decrease slightly when the tile size increases. In order to understand the different behaviors of diffracted and reflected beams, it is necessary to have, on the one hand, a model which describes the magnetic behavior of the tiles and, on the other, a good description of the MO properties of the regular array. The use of a large rotating constant field eliminates domain-wall propagation inside tiles, simplifying the magnetization behavior analysis. It is assumed that all the array elements behave in the same way, and the reflection coefficient r pp only depends on the y-component magnetization m y . 10 In general, r pp is not constant within the tile due to the spatial distribution of m y (x,y). To calculate the diffracted intensities that depend on magnetization, the Fraunhofer diffraction theory is used for a two-dimensional grating of square motif, taking into account the spatial dependence of r pp . Keeping only terms that depend on m y and neglecting terms higher than linear in m y , the Kerr intensities at diffraction maxima read as
where ͑n, m͒ are the x and y direction diffraction orders, a is the length of the square tile (Tϭaϩw), and B is a complex parameter that depends on the material, light wavelength, and incidence angle. To obtain magnetization distributions within the individual tiles at a given position of the rotating H field, micromagnetic calculations 11 have been performed. Due to the size of tiles, two-dimensional simulations with three-dimensional spins have been carried out. The behavior of a single tile under a rotating field was calculated instead of an array of interacting tiles. With the m y (x,y) information, the different diffracted Kerr intensities I Kerr (n,m) are calculated. The results of such calculation for the samples of Fig. 1 are presented in Figs. 2͑a͒ and 2͑b͒ . While the reflected intensity (͗m y ͘) shows a good agreement between experimental results and simulation, this is not the case for diffracted intensities. They show the same features as the experimental results but several times larger. As in the experiments, secondary peaks decrease in height as the separation between tiles increases. As mentioned, herein, it was tempting at first to interpret the features observed in the diffracted spots and their behavior as a signature of magnetic interaction between neighboring tiles. However, these features and its evolution with the intertile distance is reproduced by the isolated tiles simulation and it should not then be attributed to a decrease of the intertile interaction. The origin of this decrease is mainly optic, associated with different diffraction geometries and not related with different magnetization distributions for different tile sizes or separations.
To find the physical origin of these secondary peaks the magnetization distributions obtained from the simulations are analyzed in detail. In Figs. 3͑a͒-3͑d͒ , several magnetization distributions within the tile for selected field orientations have been depicted ͑for the case of aϭ4.8 m). While the magnetization inside the tile follows the H field direction, along the tile edge the magnetization remains parallel to the border. When the H field crosses the hard x axis, the magnetization close to the edges along the y axis switches: Most of the tile magnetization is parallel to the x axis, i.e., m y (x,y) ϳ0, except by the y edges. In this situation, the lateral inhomogeneities of the magnetization dominates the MOT signal ͓obtained from Eq. ͑1͔͒. Their abrupt change of direction with the rotating field produces the abrupt change observed on the spot intensities. When a larger H field is applied, the homogeneity of the magnetization increases, decreasing the border effect and the height of the secondary peak. Therefore, these features should be very sensitive to the distribution of the magnetization along the edges, i.e., to the presence of defects. Microfabricated tiles do not have flat edges due to the ion milling process plus mask inhomogeneities. Additionally, some oxidation at the edges, presence of impurities, etc., can not be completely ruled out. These possible ''defects'' have been introduced into the simulation through the tile shape: Imperfect tiles with roughness, round corners, and irregular edges. The simulation of the MOT curves performed with these approximations is presented in Figs. 2͑c͒  and 2͑d͒ , showing that these imperfect tiles have no noticeable effect on the reflected spot signal ͑on the ͗m y ͘). On the contrary, the anomalous peak at the MOT signal produced when the field crosses the x axis ͓see Figs. 3͑e͒-3͑h͔͒ is strongly reduced due to local closure domains induced by roughness that facilitates the rotation of the magnetization near the borders.
Due to the strength of the field used, signs of the interaction between tiles found in other magneto-optical Kerr effect studies on tiles 12 simulation are similar to those shown in Figs. 2͑a͒ and 2͑b͒, but secondary peaks on diffraction spots are slightly lower ͑around 10%͒. Interactions increase the homogeneity of the magnetization, helping a softer change of the border magnetization, but they are a second-order effect. However, in the light of the 3ϫ3 perfect array result, differences between simulations of imperfect single tiles and experiments are probably due to the interaction effect.
In summary, MOT experiments and simulations for Fe͑001͒ tile arrays are reported. While the reflected spot carries information about the average magnetization within the tiles just as in conventional Kerr magnetometry, the diffracted spots carry information about the different magnetization distribution moments ͑Fourier transformed͒ within the tiles. As such, they are more sensitive to inhomogeneities of the magnetization distribution than the reflected spot. Interaction between tiles manifests as a second-order effect. Changes on the diffracted spots signals of samples with different tile separation are mainly due to the different optical characteristic and not to changes on the magnetization distribution due to the intertile interaction.
